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We investigate three annual mass-balance cycles on Helheim Glacier in south-east Greenland using 
TanDEM-X interferometric digital elevation models (DEMs), bedrock GPS measurements, and ice velocity 
from feature-tracking. The DEMs exhibit seasonal surface elevation cycles at elevations up to 800 m.a.s.l. 
with amplitudes of up to 19 m, from a maximum in July to a minimum in October or November, 
concentrated on the fast-ﬂowing areas of the glacier indicating that the elevation changes have a mostly 
dynamic origin. By modelling the detrended bedrock loading/unloading signal we estimate a mean 
density for the loss of 671 ± 70 kgm−3 and calculate that total water equivalent volume loss from the 
active part of the glacier (surface ﬂow speeds >1 mday−1) ranges from 0.5 km3 in 2011 to 1.6 km3
in 2013. A rough ice-ﬂux divergence analysis shows that at lower elevations (<200 m) mass loss by 
dynamic thinning fully explains seasonal elevation changes. In addition, surface elevations decrease by a 
greater amount than ﬁeld observations of surface ablation or surface-energy-balance modelling predict, 
emphasising the dynamic nature of the mass loss. We conclude, on the basis of ice-front position 
observations through the time series, that melt-induced acceleration is most likely the main driver of 
the seasonal dynamic thinning, as opposed to changes triggered by retreat.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
The Greenland Ice Sheet (GrIS) has been losing mass since the 
early 1990s; observational evidence is based on airborne (Krabill 
et al., 1999, 2000; Thomas et al., 2006) and satellite altimetry 
(Johannessen et al., 2005; Pritchard et al., 2009; Zwally et al., 
2011a), satellite gravity anomaly experiments (Velicogna and Wahr, 
2005; Chen et al., 2006; Velicogna, 2009) and ﬂux-balance calcu-
lations (Rignot and Kanagaratnam, 2006; Rignot et al., 2008). An 
attempt to reconcile these methods arrived at a 1992–2011 mass 
loss rate of 142 ± 49 Gta−1 (Shepherd et al., 2012). Loss rates 
have been increasing, and recently CryoSat-2 altimeter observa-
tions showed that over the 3 yr up to January 2014 volume loss 
rates were 2.5 times greater than between 2003 and 2009 (Helm 
et al., 2014). On an ice-sheet wide basis the ice-dynamical and sur-
face mass balance (SMB) contributions to the change are roughly 
equal (van den Broeke et al., 2009; Khan et al., 2014).
Mass balance at the marine-terminating outlet glaciers of the 
GrIS, however, can be dominated at times by losses resulting 
from glacier acceleration (Howat et al., 2011). For example, be-
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tween 2002 and 2005 peak speeds on Helheim Glacier, a large 
marine-terminating outlet glacier in south-east Greenland and the 
focus of this study, increased by almost 30% and the front re-
treated by 7.5 km (Howat et al., 2005; Luckman et al., 2006). 
Helheim has since slowed and readvanced (Howat et al., 2007;
Murray et al., 2010) but is yet to recover its pre-retreat state 
(Bevan et al., 2012). Peak rates of thinning of 60 ± 13 ma−1 oc-
curred between 2004 and 2005 on the lower part of the glacier 
(Stearns and Hamilton, 2007), with dynamic thinning evident be-
tween 2003 and 2007 on fast-ﬂow (>100 ma−1) regions penetrat-
ing 95 km up-glacier (Pritchard et al., 2009).
Ongoing mass loss from the GrIS is superimposed on a seasonal 
cycle in ice-sheet mass balance which is dominated by the SMB 
processes of winter accumulation and summer ablation (van den 
Broeke et al., 2009; Bamber et al., 2012). This cycle is also de-
tected in time series of gravity anomalies from the GRACE system 
(Velicogna, 2009; Ewert et al., 2012; Wahr et al., 2013), and in 
the vertical displacement solutions to bedrock-located continuous 
Global Positioning System (GPS) receivers (Bevis et al., 2012). Sea-
sonal loading/unloading of ice causes the Earth to respond elasti-
cally (Farrell, 1972), resulting in vertical elastic surface displace-
ment of the crust (Wahr et al., 2013). The magnitude of the dis-
placement is proportional to the mass of the load and inversely 
http://dx.doi.org/10.1016/j.epsl.2015.01.031
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proportional to the distance between the load and the observing 
point (Nielsen et al., 2013).
The processes that concentrate long-term dynamic mass loss on 
the outlet glaciers also inﬂuence the seasonal mass-balance cy-
cle, as meltwater and runoff can affect ﬂow velocities (Andersen 
et al., 2010; Sole et al., 2011; Joughin et al., 2008), submarine 
melt (Motyka et al., 2003; Jenkins, 2011), and iceberg calving 
(O’Leary and Christoffersen, 2013). Supraglacial melt is able to 
rapidly reach the bed at elevations below 1000 m via the develop-
ment of moulins and crevasses (Clason et al., 2014; Bartholomew 
et al., 2010, 2011), and once it enters the subglacial hydrologic 
system it can reduce the effective pressure at the ice-bed inter-
face to promote faster sliding. For example, the onset of melt has 
been observed to cause early season ﬂow acceleration on many 
glaciers in western Greenland (Sole et al., 2011; Ahlstrøm et al., 
2013). Evidence of melt-enhanced ﬂow for glaciers in the south-
east is weaker, but small variations in daily summer surface ve-
locity on Helheim Glacier in 2007 and 2008 were found to be 
strongly correlated with daily melt (Andersen et al., 2010). At 
marine-terminating outlet glaciers meltwater and runoff will even-
tually reach the fjord.
Once discharged to the fjord the melt-season runoff can amplify 
submarine melting by forming bouyant plumes (Jenkins, 2011). 
These plumes drive an estuarine circulation within the fjords 
which, combined with the shelf-forced intermediary circulation, 
have a strong impact on the stratiﬁcation of water within the fjord 
(Sutherland et al., 2014). Frontal ablation and the nature of wa-
ters present within the fjord therefore both depend signiﬁcantly 
on meltwater discharge (Sciascia et al., 2013).
The importance of submarine melt lies not only in the ﬁrst-
order process of frontal mass loss via melt but also on the po-
tential impact on calving. Modelling has shown that submarine 
melt could lead to undercutting of an ice front and hence increase 
the rate of calving (O’Leary and Christoffersen, 2013), though a 
more recent study has shown that this might not be the case 
in a time-evolving stress ﬁeld (Cook et al., 2014). Seasonal melt 
water may also directly affect calving rates via crevasse hydrofrac-
ture processes. Where a crevasse-depth calving criterion is used 
to model calving rates, rates have been shown to be highly sen-
sitive to water depth within the crevasses (Cook et al., 2012). 
Both submarine melting and increased calving can lead to termi-
nus retreat and a subsequent reduction in resistive stresses at the 
terminus. This force imbalance may result in faster ice-ﬂow and 
glacier thinning which rapidly propagates upstream (Howat et al., 
2005).
Thus meltwater reaching the bed and progressing to the fjord 
may cause an increase in ice ﬂow through two mechanisms — 
reduced basal friction and reduced terminal backstress, both of 
which will lead to dynamic thinning of a glacier during the melt 
season. Backstresses at the terminus may also vary seasonally ow-
ing to the formation and clearance of an ice mélange within the 
fjord (Howat et al., 2010; Amundson et al., 2010). In this study 
we investigate these processes by employing an unprecedented se-
ries of interferometric digital elevation models (DEMs) from June 
2011 to May 2014. Using these data we map the timing and dis-
tribution of seasonal ice loss over Helheim Glacier below 800 m 
a.m.s.l. (above mean sea level) through three annual cycles. We cal-
culate volume change using the DEM time series and associate this 
with mass loss by considering GPS measurements of relative verti-
cal bedrock displacements from 2011 to 2014 at a permanent site 
located a few hundred meters from the Helheim Glacier (Fig. 1). 
Feature tracking of ice-ﬂow is used to consider the relative con-
tributions of SMB and dynamic effects to the annual mass-balance 
cycle, and the importance of ice-front processes versus meltwater 
penetration in driving dynamic processes.
Fig. 1. Shaded digital elevation model for 02/07/2013. The orange ﬂag marks the 
location and height for the ground control point (468.6 m), the blue ﬂag the vali-
dation height point (347.1 m). The red ﬂag marks the location of the GPS bedrock 
measurements. (For interpretation of the references to color in this ﬁgure legend, 
the reader is referred to the web version of this article.)
2. Methodology and data
2.1. Surface elevation
Synthetic Aperture Radar (SAR) data from the TanDEM-X satel-
lite system were used to generate a series of DEMs of the 
lower portion of the Helheim Glacier catchment. The TanDEM-
X mission is a public/private partnership between the German 
Aerospace Center (DLR) and EADS Astrium GmbH to generate 
a highly accurate consistent global DEM (Krieger et al., 2013). 
We use GAMMA Remote Sensing software to generate interfer-
ometric DEMs using the bistatic stripmap mode Co-registered 
Single look Slant range Complex products (CoSSCs). These ex-
perimental data are available over Helheim Glacier from June 
2011 to May 2014 and have a spatial resolution of approx-
imately 2 m which we multilook by a factor of 4. We rely 
solely on the provided orbital vector data to geolocate the im-
ages and to calculate the phase scaling. The DEMs are tied in 
the vertical dimension using a ground control point from the 
Danish Geodata Agency (http :/ /gst .dk /emner /landkort-topograﬁ /
groenland /ground-control-greenland/, July 2014). The control point 
is at an elevation of 468.55 m above mean sea level in the GR96 
datum system with a second point (347.10 m) used as a valida-
tion point (Fig. 1). All elevations quoted in this work will be in the 
GR96 datum system. The main error sources in generating inter-
ferometric DEMs from TanDEM-X data include errors in orbit or 
baseline information, unwrapping, and geolocation and orthorec-
tiﬁcation; only DEMs with less than a 2.5 m error relative to the 
validation point are included in this analysis. Estimates of orbit 
accuracies (Krieger et al., 2013) suggest that we cannot expect rel-
ative elevation accuracies better than 2 m.
Volume changes are calculated by differencing DEMs, only in-
cluding ice-covered areas down to the most retreated frontal posi-
tion. Area-mean surface elevation changes are calculated by divid-
ing volume changes by the relevant area.
2.2. Surface velocity
We used TanDEM-X and earlier TerraSAR-X image pairs to mea-
sure surface velocities based on feature tracking (Strozzi et al., 
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Fig. 2. 12z air temperatures measured at Tasiilaq, a coastal station 85 km to the south of Helheim Glacier.
Fig. 3. Backscatter coeﬃcient from Helheim Glacier tongue derived from Envisat ASAR Wide-Swath-Mode (spatial resolution 150 m).
2002). Images were tracked in slant-range geometry with a spatial 
sampling of 40 m, and multi-looked at 20 × 20 to a ground pixel 
size of approximately 40 m. Temporal separation of image pairs 
used for feature tracking was either 11 days or 22 days. Frontal 
positions were manually digitised from multi-looked (4 × 4) SAR 
intensity images. Errors in the velocity data are estimated to be 
less than 0.5 mday−1 (Bevan et al., 2012).
2.3. GPS bedrock measurements
To estimate site coordinates from GPS measurements, we use 
the GIPSY OASIS 6.3 software package (Zumberge et al., 1997) de-
veloped at the Jet Propulsion Laboratory (JPL) and using IGS orbits, 
earth orientation parameters, and clock products. The data were 
processed as described by Khan et al. (2010a) using the Precise 
Point Positioning (PPP) strategy and the solutions were aligned 
with the IGS08 frame (Altamimi et al., 2011). To focus on the sea-
sonal mass variability of the Helheim Glacier, we remove the trend, 
which is due to long-term mass loss over southern portions of 
Greenland (Khan et al., 2010b). We compare the observed bedrock 
displacements with predicted displacements obtained by convolv-
ing high-resolution spatial seasonal ice volume estimates from the 
TanDEM-X DEMs (converted to mass change estimates) with the 
Green’s function for vertical displacements derived by Jean-Paul 
Boy (Petrov and Boy, 2004) for the Preliminary Reference Earth 
Model (Dziewonski and Anderson, 1981). We convert the seasonal 
ice volume estimates to mass assuming a density equal to that of 
ice (917 kgm−3). However, the observed bedrock displacements 
are caused by mass changes from a greater area than that covered 
by the DEMs. To include the area outside the DEMs, we estimate 
ice-sheet-wide seasonal elevation changes during 2003–2009 us-
ing Ice, Cloud and land Elevation Satellite (ICESat) laser altimeter 
data (Zwally et al., 2011b). With this model, overall Greenland 
mass change matches the GRACE seasonal mass change (Velicogna, 
2009).
2.4. Surface melt onset
SAR data are highly sensitive to the presence of meltwater on 
the glacier surface in the same way that scatterometer data are 
(e.g. Steffen et al., 2004), backscatter is high when the surface 
is frozen and low when meltwater is present. Here we use 934 
earlier (July 2005 to September 2011) Envisat ASAR Wide-Swath-
Mode images to determine typical spring and autumn transitions 
between surface melt and freeze states at a point approximately 
4 km back from the ice front. WSM images have a spatial reso-
lution of 150 m and an acquisition frequency of about 3 days at 
this latitude (66.4◦N). Midday air temperatures from the coastal 
station of Tasiilaq (85 km to the south of Helheim Glacier) are con-
sistently positive from mid to end April and vary little from year 
to year (Fig. 2), justifying the use of earlier time series of surface 
melt to estimate melt onset for the years under consideration in 
this study.
3. Results
3.1. Elevation changes
A total of 40 DEMs were included in the following analyses 
with a root mean square (r.m.s.) error relative to the validation 
point of 1.3 m. The good agreement between DEMs and the val-
idation height gives us high conﬁdence in the DEM differences 
especially at lower elevations close to the control point where 
phase unwrapping is initiated. We estimate that SAR penetration 
depths on the glacier are negligible during the summer following 
studies that show C-band SAR penetration depths on the Geikie 
ice cap, just north of Helheim Glacier, to be 0 m in the soaked 
snow zone between 1600 m and 1900 m (Dall et al., 2001), and 
1–2 m on bare ice on Jakobshavn Isbrae, west Greenland (Rignot et 
al., 2001); the higher frequency X-band TanDEM-X SAR will have 
a lower penetration depth than C-band SAR. Microwave backscat-
ter values show that melt onset is typically around April or May 
(Fig. 3) and ﬁeld studies (Andersen et al., 2010) conﬁrm that the 
area under consideration in this study, i.e. below 800 m a.m.s.l., is 
within the ablation zone.
Mapped differences between DEMs (Fig. 4(a)) show that
changes are concentrated on the fast-ﬂowing regions of the glacier 
(Fig. 4(b)). We now calculate elevation changes only where sur-
face ﬂow speeds exceed 1 mday−1. Mean surface elevations, in 
100 m elevation bands from 100 m to 800 m a.m.s.l., show 
annual cycles with a maximum amplitude in 2013 of 19 m be-
tween 25/03/2013 and 22/11/2013 in the lowest 100 m elevation 
band (Fig. 5(a)). Rapid surface lowering begins around July and 
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Fig. 4. (a) Map of surface height change from 02/07/2013 to 22/11/2013. The large area of elevation increase at the ice front is where the glacier has advanced. (b) Feature-
tracked surface speeds based on images acquired on 24/07/2013 and 04/08/3013. The black stars mark the velocity extraction points.
Fig. 5. (a) Time series of mean elevation changes within 100 m altitude bands, from 100 m to 800 m, over fast-ﬂowing (>1 mday−1) areas of the glacier only. Elevation 
changes are calculated as volume differences relative to the ﬁrst DEM in the series, on 26/06/2011, divided by the area. Error bars represent ±1.3 m, the r.m.s. difference 
between the DEM and the validation height point. (b) Detrended times series of bedrock elevation. The dashed line represents the modelled bedrock response to ice loading 
and unloading based on the DEM time series, including the factor of 0.7 discussed in the text. (c) Glacier surface velocities extracted at the black stars in Fig. 4(b), and 
manually digitised frontal positions from along a centre ﬂowline. (d) Water equivalent volume losses between successive DEMs for the entire fast-ﬂowing area of the glacier 
capture by the DEM coverage.
lasts until October or November. In spite of the quality control 
applied to DEM selection we see four discontinuities in height 
change trends in August 2011, February 2012, March 2013 and 
February 2014. On these occasions we see a reversal of an oth-
erwise monotonic increase or decrease in surface elevation which 
features in all altitude bands. The jumps are less than 1 m in 
magnitude and well within our accuracy expectations; they are 
much less than would be expected from unwrapping errors, as 
the height of ambiguity is around 48 m, and may therefore be 
a consequence of errors in satellite orbit information. We in-
clude these DEMs in subsequent analyses as we have no ob-
jective reason to remove them and also because it is not pos-
sible to identify which of two consecutive DEMs contains the 
error.
3.2. Vertical bedrock displacements
The predicted vertical bedrock displacements, including mass 
change outside the DEMs (using ice density of 917 kgm−3), are 
larger than the observed displacements (Fig. 5(b)). The difference 
between the two curves can be used to estimate an improved den-
sity for the volume changes. We obtain a scale of 0.732 ± 0.076
between the two curves, suggesting an improved apparent aver-
age density of 671 ± 70 kgm−3. This relatively low ice density 
indicates that volume changes over the area modelled are a combi-
nation of ice, ﬁrn and wet snow. In addition, the InSAR DEMs may 
not resolve all crevasses, so the DEM differences may include air 
volumes between inter-crevasse ridges, making the bulk density of 
the measured volume difference even lower. The Pearson’s correla-
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tion coeﬃcient between the observed and predicted bedrock uplift 
curves is 0.73, signiﬁcant at better than 95%.
3.3. Volume losses
Rates of water equivalent volume loss from the fast-ﬂowing 
area of the glacier captured by the DEMs, that is, entirely below 
800 m a.m.s.l., using a glacier surface density of 671 ± 70 kgm−3, 
peak in August 2013 at 0.026 km3 day−1 (Fig. 5(d)), the total vol-
ume for summer 2011 is 0.5 km3, 2012 is 0.9 km3 and for 2013 
is 1.6 km3. Generally, up to half of the volume loss originates from 
elevations below 200 m a.m.s.l. Anomalous spikes in the series, 
for example in March 2013 and February 2014, occur where there 
is some positive or negative offset in one of the DEMs used to 
calculate the change, they can be seen to correspond to the dis-
continuities in Fig. 5(a).
3.4. Dynamic changes
Throughout the period between June 2011 and May 2014 the 
velocity close to the front of the glacier (black star in Fig. 4(b)) 
varies between 16.5 mday−1 (February 2013) and 20.6 mday−1
(July 2013) (Fig. 5(c)). 5.7 km further up glacier velocities are only 
slightly lower and follow the same pattern, although the acceler-
ation in 2013 is less pronounced. The ice-front location spans a 
3.2 km range, being most advanced in February 2013 and most 
retreated in August 2013, with calving occurring all year round. 
There are two periods in the latter half of the record where the 
glacier advances with little or no calving events and its velocity 
falls steadily. The ﬁrst of these periods in early 2013 ends with a 
5 month period of retreat and acceleration.
4. Discussion
Elevation changes for Helheim Glacier catchment show a clear 
seasonal signal, with rapid lowering commencing after July and 
lasting until October or November. The height change is concen-
trated on fast-moving (>1 mday−1) areas with no measurable 
change taking place on the stagnant ice sheet, suggesting that dy-
namic thinning is a signiﬁcant contributor to the change. This con-
centration of height change on the active glacier reﬂects a similar 
pattern to the dynamically induced interannual surface lowering 
observed on Helheim (Pritchard et al., 2009).
A mean Helheim catchment runoff value for 1999–2008 of 
1.0 ± 0.2 km3 yr−1 was computed by Mernild et al. (2010) us-
ing SnowModel, a snow evolution, ice melt and runoff system 
model. The runoff was computed over an area of 910 km2. Our 
values of 0.5 km3 yr−1 (2011) to 1.6 km3 yr−1 (2013) water equiv-
alent volume change from the 177 km2 fast-ﬂowing section of the 
catchment only, indicate that seasonal dynamic effects, resulting in 
glacier thickness change, are a signiﬁcant component of Helheim’s 
entire catchment mass balance.
Mass conservation allows temporal thickness changes to be ex-
pressed in terms of mass ﬂux divergence and speciﬁc mass bal-
ance.
∂ S
∂t
= bsp − ∇ · (uH) (1)
where ∂ S/∂t is the time rate of change of the surface elevation, H
is the glacier thickness, bsp the speciﬁc mass balance, and u is the 
depth averaged horizontal velocity vector. The second term on the 
r.h.s. is the ﬂux divergence.
An attempt to use interpolated grids of glacier thickness sup-
plied by the Center for Remote Sensing of Ice Sheets (CReSIS) to 
calculate a complete ﬂux divergence ﬁeld revealed large unrealis-
tic variations. The anomalies are a result of ﬁne-scale features in 
Table 1
Summer and winter terms of the ﬂux divergence Equation (2).
∂H/∂l u¯l
(mday−1)
∂ u¯l/∂l
((mday−1)/m)
Summer 0.01 20.6 7.6× 10−4
Winter 0.01 17.4 3.9× 10−4
the velocity ﬁeld caused by bed topography which is not captured 
by the sparse ﬂightlines of airborne radar sounding; an effect that 
has been encountered before, for example on Nioghalvfjerdsfjorden 
(79 north) Glacier (Seroussi et al., 2011).
However, we can make point estimates of ﬂux divergence us-
ing thickness values directly from the CReSIS ﬂightline data, rather 
than relying on a grid of interpolated values. By considering a 
winter to summer difference, ﬂux divergence as a result of (un-
known) changes in down-ﬂow glacier cross-sectional area cancels 
out. Treating l as the along-ﬂow direction and with subscripts w 
and s referring to winter and summer:
∇ · (uH)s − ∇ · (uH)w =
(
∂(Hu¯l)
∂l
)
s
−
(
∂(Hu¯l)
∂l
)
w
. (2)
Neglecting temporal changes in thickness and thickness gradi-
ent and assuming surface velocities are close to depth averaged 
velocities, we obtain the values given in Table 1 along a 3834 m 
section of an along-ﬂow ﬂightline centred on the velocity extrac-
tion point, where the ice thickness is 806 m. Winter velocities are 
from our feature-tracking results for 27/01/2014–07/02/2014 and 
summer velocities are for 24/07/2013–04/08/2013. From Eq. (2)
the increase in ﬂux divergence from winter to summer is approx-
imately 0.33 mday−1, in other words, if (∂ S/∂t)w is zero, then 
(∂ S/∂t)s would be −0.33 mday−1.
Thus, the increase in ﬂux divergence from winter to summer 
on the lower elevations of the glacier is more than suﬃcient to ac-
count for the surface lowering we observe, which is of the order of 
0.1 mday−1 in summer, without taking any seasonal melt into ac-
count. However, there are many assumptions and approximations 
in the calculation. For example, we do not allow for the probability 
that ﬂux divergence is a result of crevasse expansion which would 
not manifest in elevation change, a process that is very likely to be 
occurring along the lower reaches of the glacier where the stress 
balance under large velocity gradients will promote crevasse open-
ing and fracture propagation. Our method of calculating elevation 
change via volume differences between relatively high resolution 
DEMs may capture some change due to crevasse opening, but some 
will remain due to unresolved crevasses and due to the SAR DEMs 
not capturing the full crevasse depth.
We can compare surface elevation changes with ﬁeld measure-
ments of surface ablation rates. Measurements using sonic-rangers 
found that ablation rates in 2007 and 2008 on Helheim, at an el-
evation of 650 m, were of the order of 3.2 cm/day over a 27 day 
period from the 27th July (Andersen et al., 2010). Over the whole 
melt period and between 600 m and 700 m, we observe a mean 
rate of thinning of 6.5 cm/day in 2013, and 5.0 cm/day in 2012. 
At Tasiilaq in 2007 there were 198 positive degree days (PDDs) 
and in 2013 there were only 165 (Fig. 2); use of a PDD model to 
determine surface melt would indicate that surface melt in 2013 
was less than 2007. The additional surface lowering we observe is, 
therefore, most likely due to dynamic thinning (which would not 
be measured with the sonic-ranger method) plus any basal melt.
The seasonal dynamic effects are more clearly observed in the 
time series and maps of surface elevation change than in glacier 
surface velocity; only from July 2013, when glacier thinning was 
most pronounced, do we observe a clear increase in ﬂow speed 
which precedes the thinning. The record of ﬂow speeds presented 
here continues that in Bevan et al. (2012) which showed that an-
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nual peaks in velocity are common but not observed in every year. 
Whether seasonal velocity increases on outlet glaciers occur be-
cause of basal lubrication following meltwater penetration to the 
bed or because of ice-front retreat changing the force balance at 
the terminus is still unresolved.
Although surface melting can have a signiﬁcant impact on ice-
sheet ﬂow (Zwally et al., 2002; Joughin et al., 2008; Das et al., 
2008; Palmer et al., 2011), the net impact on the dynamics of out-
let glaciers of enhanced seasonal melt is usually found to be small, 
i.e. less than 15% (Joughin et al., 2008). Meltwater has been ob-
served to brieﬂy accelerate ﬂow but the development of a more 
eﬃcient subglacial drainage system, as melt volumes increase, can 
subsequently cause abrupt slow down (Howat et al., 2010), re-
sulting in a very small overall increase in annual ﬂow speed 
(Sole et al., 2011). Brief speed-ups have been observed to follow 
episodes of enhanced surface melting on Helheim (Andersen et al., 
2010), but are less signiﬁcant than those following calving episodes 
(Nettles et al., 2008; Sundal et al., 2013). However, whereas sea-
sonal changes in front position are found to inﬂuence ﬂow speeds 
for accelerating and retreating glaciers (Nick et al., 2009) such as 
Jakobshavn Isbrae in west Greenland (Joughin et al., 2008), they do 
not appear to have a dominant inﬂuence on the dynamics of stable 
outlet glaciers (Howat et al., 2010).
In this instance, whilst we see a clear signal of dynamic origin 
in the glacier surface elevation, we do not observe a corresponding 
signal in the ice-front position; in fact, from August 2013 when the 
glacier is thinning the ice front is advancing. It therefore seems 
most likely that it is surface melt, penetrating to the bed, which 
causes the dynamic component of glacier seasonal thinning rather 
than any acceleration as a result of changes in back stress at the 
glacier terminus.
4.1. Conclusions
Long-term mass-balance trends on the Greenland Ice Sheet are 
driven by disruptions to the seasonal mass balance cycle; un-
derstanding the seasonal cycle, especially on fast-ﬂowing marine-
terminating glaciers, underpins any attempt to predict long-term 
mass loss. We investigated three full years of seasonal mass-
balance cycles on Helheim Glacier in south-east Greenland using 
bedrock GPS measurements and a series of 40 TanDEM-X interfer-
ometric digital elevation models (DEMs).
We conclude that seasonal mass loss by dynamic thinning is of 
the same order of magnitude as our observed decreases in surface 
elevation and that, on the basis of ice-front position observations 
through the time series, melt-induced acceleration is most likely 
the main driver of the thinning, as opposed to changes triggered 
at the terminus.
The calculation of large-scale ﬂux divergence quantities, which 
would enable more precise estimates of the glacier-wide dynamic 
component of thinning, was found to require a much ﬁner resolu-
tion ice-thickness grid than is currently available. The magnitude 
of seasonal changes in ice-surface elevations highlights the im-
portance of selecting consistent measurement dates when using 
altimetry to assess long-term temporal change in glacier thickness.
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